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Abstract 

In order to raise the Higgs mass up to 125 GeV and relieve the fine-tuning associated with the 
heavy s-top mass in the MSSM, we propose a new singlet extension of the MSSM. In this scenario, 
the Higgs mass is radiatively generated also in a hidden sector, and the effect is tansmitted to the 
Higgs through a messenger field. The Higgs mass can be efficiently raised by the parameters of 
the superpotential as in the extra matter scenario, but free from the constraints on extra colored 
matter fields by the LHC experiments. The tuning problem can be remarkably mitigated by taking 
low enough messenger (~ 300 GeV) and mass parameter scales (~ 500 GeV). 
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I. INTRODUCTION 



Recently, CMS and ATLAS reported the observations of the signals, which can be inter- 
preted as the presence of a standard model(-like) Higgs with the mass of 125 GeV around 
the five sigma confidence level ^ . The news seems to be accepted as the discovery of 
the long-waited Higgs particle, which is very essential in mass generations for the standard 
model (SM) particles. However, the theoretical issues associated with the Higgs boson, e.g. 
how the Higgs can naturally exist at low energies, still remain unsolved. Actually, they have 
played the role of strong motivations to study various new physics beyond the SM. 

For the last three decades, the minimal supersymmetric standard model (MSSM) has 
maintained the status of the leading candidate beyond the SM jsl. It provides a beautiful 
solution to the large hierarchy problem between the electroweak (EW) energy scale and 
the grand unification (GUT) or Planck scale with the minimal extension of the SM in the 
supersymmetric (SUSY) manner. It makes it possible to embed the SM in a fundamental 
theory like the string theory j^. The gauge coupling unification is another great advantage 
of the MSSM. 

MSSM : In the MSSM, a relatively lower value of the Higgs mass is preferred. It is 
basically because the tree-level quartic coupling of the Higgs potential is given by the small 
gauge coupling unlike the SM. As a result, the Higgs mass cannot be larger than even the Z 
boson mass (M^), were it not for the large radiative correction: by including the radiative 
correction by the large top quark Yukawa coupling, the Higgs mass can be lifted above 100 
GeV. Actually, the lightest Higgs mass in the MSSM is given by 

ml ^ M|cos^2/3 + A (^^^J^ ( m[+mf \ ^ 



where yt is the top quark Yukawa coupling, and mf and mf denote the mass squared of the 
top quark and the soft mass squared of its superpartner "s-top," respectively. The first term 
in the right hand side comes from the tree level contribution, and the second term from 
the radiative correction (= Am^|MssM) by the top quark and the s-top. Here we neglect 
the "A-term" contribution. In Eq. ([1]), however, the values of the top quark mass rrit and 
also the top quark Yukawa coupling yt have been already precisely measured. Thus, only a 
useful parameter for raising the Higgs mass is the soft mass squared of the s-top. Note that 
the radiative correction logarithmically depends on the s-quark mass squared. Thus, raising 
the Higgs mass with the soft mass squared of the s-top is not a quite efficient way. Indeed, 
a s-top mass heavier than a few TeV is needed to achieve 125 GeV Higgs mass at two- loop 
level, unless the large mixing effect between the left and right s-tops through the A-term 
contribution assumed 0,0]. However, the s-top mass cannot be arbitrarily large. 

The radiative correction by the top and s-top contributes also to the renormalization of 
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the soft parameter m|, which is the soft mass squared of the MSSM Higgs 

Here we keep only the radiative correction coming from the top quark Yukawa couphng, 
which is the largest correction to m^. Here Mq indicates the GUT scale (f^i 2 x 10^^ GeV), 
at which the soft parameters are assumed to be generated in the minimal supergravity model. 
The negative contribution of it causes flipping the sign of m\ at the EW energy scale, which 
triggers the EW symmetry breaking. Thus, one of the extremum conditions for the MSSM 
Higgs fields is modified as 

ml + ^ m^cot/? + ^cos2/3 - ^m? log . (3) 

The radiative corrections add the last term (= Am^) in Eq. ([3]). If a too heavy s-top 
mass is taken to raise the Higgs mass from Eq. ([1]), Am^ and other parameters should 
be properly tuned to give M|, which implies that the EW symmetry breaking becomes 
unnatural. Actually, Eq. ([3]) is not directly related to the observed value of the Higgs mass, 
but is closely associated with the naturalness of the EW symmetry breaking. It is known 
as the name of the "little hierarchy problem" in the MSSM. Thus, e.g. for of 2 TeV, the 
size of the tuning is roughly estimated with the hierarchy in the relation of Eq. ([3]): 

-1 

< 4.7 X 10-^ (4) 

In order to reduce the tuning in Eq. ([3]), thus, 

• smaller mass parameters need to be taken, but yielding m^ = 125 GeV, and 

• a low energy soft term generation scenario is needed for a smaller log piece in Eq. (|3]). 

In this paper, we will introduce a phenomenologically attractive scenario, addressing the 
above two requirements. 

Maximal Mixing: In fact, 125 GeV Higgs mass could be achieved even with relatively 
lighter s-tops by considering also the "A-term" contribution to the radiative correction, 
which was dropped in Eq. ([T]). A large mixing between the s-tops of the SU(2)l doublet and 
singlet, {tL,tji), via the SUSY breaking "A-term" is very helpful for raising the Higgs mass. 
Particularly, the "maximal mixing" 

Xt = {At - /icot/3) = V6mt , (5) 

where m^ = \/ + m^, can lift the Higgs mass up to 135 GeV without any other helps in 
the decoupling limit of the CP odd Higgs j^l. However, as the mixing deviated from the 
maximal mixing, the enhancement effect drops rapidly. Employing a large mixing of tL-tn, 
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hence, would be a kind of fine-tuning in this sense. Throughout this paper, we will not 
consider such a mixing effect. 



Extra Matter : In order to efficiently enhance the radiative correctioii, one might intro- 
duce the fourth family of the chiral matter or extra vector-like matter p, 0|- In the case 
of the fourth family of the chiral matter, the top quark Yukawa coupling and also the top 
quark mass in Eq. ([1]) are replaced by the unknown parameters, which can be utilized to 
raise the Higgs mass. Since such SUSY parameters appears outside the logarithmic function, 
they can efficiently increase the Higgs mass unlike the s-top mass squared in the MSSM. 
Unfortunately, however, the presence of extra colored particles coupled with the Higgs with 
order one Yukawa couplings would exceedingly affect the production rate and also decay 
rate of the Higgs at the large hadron collider (LHC) i.e. gg ^ h and h — > 77: they result 
in immoderate deviation from the LHC data. According to Ref. j^, indeed, the existence 
of such a extra family of the chiral matter is excluded at the 99.9% confidence level for the 
Higgs mass of 125 GeV. 

In the case of extra vector-like matter, in which a Yukawa coupling of order unity with 
the Higgs is still necessary for lifting the Higgs mass, the LHC bound could be avoided by 
employing heavy enough mass terms for vector-like fields. However, the tuning problem 
associated with the naturalness of the Higgs mass becomes serious with the high scale mass 
parameters.^ Moreover, the extra vector-like matter should compose the SU(5) or SO(IO) 
multi-plets to protect the gauge coupling unification. If the low energy effective theory is not 
embedded in four dimensional SU(5) or SO (10) GUTs but in other unified theory defined 
in higher dimensional spacetime like string theory 0|, we need to explore other possibilities 
for explaining the 125 GeV Higgs mass. 

NMSSM : In the next-to-minimal supersymmetric standard model (NMSSM), the Higgs 
mass can be raised using the tree level correction of the Higgs potential 

jjllll- In the 

NMSSM, the MSSM fi term is promoted to a renormalizable trilinear term SHuHd in the 
superpotential, introducing an extra singlet superfield S together with a dimensionless cou- 
pling A. The presence of such a trilinear term in the superpotential provides the quartic 
coupling in the Higgs potential as well as a /i problem solution through the gravity medi- 
ated SUSY breaking scenario. By the quartic Higgs potential coming from XSHuHd in the 



^ For instance, if only an extra vector-like pair of quark doublets {Q, Q"^} is introduced and the superpo- 
tential W = MqQQ''' + yQHuu'^jWheie and u'^ are the Higgs and a quark singlet in the MSSM, is 
considered, using the formula in [7| one can show that the radiative correction to the Higgs potential is 



167r2 



constant, (6) 



where Af^ = Mq + y'^\Hu\'^ and A indicates a renormalization scale. Here all the soft mass squarcds are 
set to be m? , and the "A-term" effect is ignored for simplicity. This expression is quite similar to that in 
the case of Rcf. However, the fields circulating on the loops in Ref. [l^] are MSSM singlets. 
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superpotential, the mass of the hghter CP even Higgs in the NMSSM is modified at tree 
level as 



M|cos22/3 + X^vlsm^2(3 + Am^jMssM , (7) 



where vjj- = v'^+v'^ = (174 GeV)^, and Am^|MssM denotes the radiative correction by the (s-) 
top. The tree level correction "A^t'|^sin^2/3" in Eq. ([7]) can remarkably raise the Higgs mass, 
if the dimensionless Yukawa coupling A was sizable. In order to maintain the perturbativity 
of the model up to the GUT scale, however, A is known to be smaller than 0.7 at the EW 
scale ("Landau pole constraint") |9|. Moreover, to achieve the Higgs mass of 125 GeV with 
the s-top mass much lighter than 1 TeV, which is necessary for the naturalness of the Higgs, 
A needs to be larger than 0.5. Requiring both the perturbativity and the naturalness, thus, 
the range of A should be quite limited: 

0.5 < A < 0.7. (8) 
The relatively small A pushes tan/3 to the smaller values for obtaining 125 GeV Higgs mass, 

1 < tan/3 < 3, (9) 
which gives almost the maximal values to sin^2/3 in Eq. ([7]). 



Radiative Correction by MSSM Singlets: Recently, the authors of Ref. 12| pro 



posed a scenario in which the Higgs mass is raised through radiative corrections by some 
MSSM singlet fields. In this case, the Higgs mass can be efficiently lifted by using the pa- 
rameters of the superpotential just like the extra matter case, but the LHC constraint can 



be avoided because only MSSM singlets are employed. In Ref. [12|, it was shown that the 
parameter space of tan/3 and the trilinear coupling of "S'if^ifrf" (= yn) in the superpoten- 
tial for explaining the 125 GeV Higgs mass can be remarkably enlarged by extending the 
NMSSM with some other MSSM singlets, compared to the original form of the NMSSM: 
0.2 ^ Vh ^ 0.5 and 3 < tan/3 < 10 can be also consistent with the Higgs mass of 125 GeV 
even without considering the mixing effect. 

Since the Higgs mass is radiatively generated from a hidden sector and then it is transmit- 
ted to the Higgs sector through a mediation by a messenger in this scenario, the ffne-tuning 
problem can be quite alleviated by taking low scale messenger and mass parameters. In 
this paper, we will particularly discuss how much the ffne-tuning in the Higgs sector can be 
relieved in this setup. 

This paper is organized as follows. In section II, our basic setup will be introduced. In 
section HI, the effective Higgs potential will be calculated in our setup. In section IV, we 
will discuss how to achieve the 125 GeV Higgs mass and minimize the tuning. In section V, 
we will propose a UV model. Section VI will be devoted to conclusion. 
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II. A SINGLET-EXTENSION OF THE MSSM 



In this paper, we will pursue the naturalness of the model rather than its minimality. 
Introducing the MSSM singlet superfields {S, S"^} and {A^, A^*^}, we extend the MSSM Higgs 
sector in the superpotential as follows: 

W = {fi + vhS) H^Hd + ^lsSS'' + {^1N + VnS') NN' (10) 

where {Hu-, H^} denote the two MSSM Higgs doublets. For simplicity we assume the param- 
eters in Eq. f lTO|) are all real. Since the /i and fis,N terms are explicitly present, there does 
not remain a Pecci-Quinn (PQ) symmetry at the EW scale. Apart from the MSSM fi term. 



the trihnear term SHuHa a la the NMSSM is introduced in Eq. ([ID]) [131. Actually, Eq. f lTU]) 
should be regarded as a low energy effective superpotential. How such a superpotential can 
be generated will be discussed later. 

{S, S'^} are the messenger fields, which connect the Higgs {Hu, H^} and the hidden sector 
fields {A^, A^'^}. Note that the "messenger" and "hidden sector" here do not necessarily mean 
the conventional ones appearing in various SUSY breaking scenarios. We only require the 
mass splitting in the hidden sector superfields {A^, A^'^} such that they eventually generate 
the radiative correction of the Higgs mass. Such an effect can be transmitted to the Higgs 
via the messengers {S*, S^} as will be seen later. {A^, A^'^} are a vector-like n- dimensional 
representation of a certain hidden gauge group. They could remain light down to low energies 
by the global symmetries. 

^s,N terms are the Dirac type bare mass terms of the messengers and hidden sector 
fields. jjis,N are assumed to be larger than 300 GeV. Thus, the squared masses of {S", S'^} 
and {A^, A^'^} are quite heavier than that of the lightest Higgs. Since /i^ and /i^v both are 
much heavier than the Higgs mass, there is no "singlet-ino" (the fermionic components of 
singlet superfields) lighter than the Higgs. Hence, there is no invisible decay channel of the 
Higgs in this model. However, we restrict ^s,n to be smaller than 1 TeV. It is because the 
fine-tuning in the Higgs sector would become serious, if they are heavier than 1 TeV. Their 
smallness compared to the fundamental scale will be explained in section V. 

In fact, the superpotential Eq. ( fTOj) can provide a quartic Higgs potential at tree level 
via \dW/dS\'^ as in the NMSSM, which is quite helpful for lifting the Higgs mass if yu was 
sizable. However, the Landau pole constraint to avoid blowing-up below the GUT scale is 
known to restrict the size of yn to be smaller than 0.7 jol. While yn should be smaller than 
the unity, y^ can he still of order unity at the EW scale. Nonetheless, the hidden gauge 
interaction of {A^, A^'^} can prevent ?/7v from blowing-up at higher energy scales, because 
{A^, A^'^} carry a non-Abelian gauge charge of a relatively large hidden gauge group. 

Since yn is relatively small and /i^ is quite heavier than the Higgs mass, the tree level 
correction by {S, S'^} to the Higgs potential is expected to be suppressed. Moreover, the 



mixing angles between the Higgs and the singlet sectors would be negligible. In Ref. 12| . 



however, it was shown that even with relatively small yH (0.2-0.5), the Higgs mass of 125 GeV 
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can be achieved through the large radiative correction, if a relatively larger compensates 
the smallness of yn- 

With small enough yu the soft mass squared of 5, m| does not run much with energy 
at one-loop level. On the other hand, ?/Ar is of order unity, and so m|c can be suppressed at 
low energies compared to m| by the renormalization group (RG) effect. Due to the gauge 
interaction in the hidden sector, the soft masses of and A^'^, rhiq and rhiqc can be quite 
heavier than other soft masses at low energies. For simplicity of the future calculation, but 
considering the RG behaviors, we assume a hierarchy among the mass parameters: 

^S- < At < "i3/2, fis < fhs < UN, rfiM (= fflNc), (11) 

where ^3/2 collectively denotes typical soft parameters except rhs and m^c Although rhsc 
is the smallest, the scalar component of is still much heavier than the Higgs because its 
physical mass squared is given by /i| + m|c. 



III. THE EFFECTIVE HIGGS POTENTIAL 



Let us first integrate out the quantum fluctuations of {A^, A^'^}. Due to the mass difference 
between the bosonic and fermionic components in {A^, A^'^}, the one-loop effective potential 
of is generated jl4| : 



AT/ 



n 
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log 
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where A denotes a renormalization mass scale. The SUSY mass of {A^, A^'^} (= M^r) is given 
by the summation oi fi^ and the classical value of S'^ as explicitly seen in the superpotential 
Eq. 1^, and so 

fXj. + y^S'^'. (13) 



Thus, AV in Eq. (fT2|) depends only on S"^. 

Including the soft terms and the one-loop effective potential obtained after integrating 
out {A^, A^'^}, AV{S'^), the scalar potential associated with the superpotential Eq. f fTOjl is 
derived as follows: 



HS 



ml + \fi + yHSl"^) \Hu 



mi 



+ i^l^ + 4) l-^T + {ml + fil) \S\^ + yl\HuHd\ 



+ 



(14) 



\yH^lsS''* + + yuAsSJ HuHd + Bsi^sSS' + h.c. 

+ lig' + 9") {\Hu\' - + lg'\HiH,\' + AViS^) , 

where we set A^ = A^^ = 0, since the vanishing field value conditions for such heavy scalars 
fulfill all the extremum conditions of the scalar potential. 
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Now let us integrate out {S*, S**^}, which are heavier than {Hu,Hfi}. The equations of 
motion in the static hmit for {S, S^} are 



dS 



{m% + S^* + Bsiis~S + VHfisKH: + d^^AV = 0, (15) 
{ml + S* + BsfisS" + yuAsHuHd + {yH^^ + y^S*) {\Hu\^ + = 0. 



Considering the hierarchy suggested in Eq. (fTTI) . the approximate solutions to Eq. (fT5|) are 
given by 



s 



ml + III 



yu {A*s - B*s) KH: - ^d^.AV 



(16) 



where the terms proportional to m^-c and /i are ignored due to their relative smallness in 
Eq. f|TT]) . and ei and €2 are defined as 

ei = -:zr7^ 5- and €2 = ^ 5- , (17) 

ml + fil ml + fil 

respectively. Inserting the expressions of the heavy fields in Eq. (fT6!) into the scalar potential 
Vns of Eq. ( 11^ yields the low energy effective Higgs potential: 

Vu ^ {ml + /i^) \H^\^ + {ml + fi^) \H£ + {B^i^H^Md + h.c.) 

+ i(/ + g'^) {\H^\^ - \H,\^Y + \g'\HlH,\^ (-^8) 

'^^"^^'-|/^|//.i/.p + AV(/f). 



m| + /i| 



Here we dropped the (reducible) 2-loop effects coming from l^g^cAVp. Note that the first 
two lines in Eq. f lTSj) are nothing but the MSSM Higgs potential, while the two terms in the 
third line correspond to the tree-level and one-loop corrections induced by the heavy fields 
{S*, S**^} and {A^, A^*^}. The quartic term in Eq. (IT^ is cancelled out, and so 

as seen from Eq. (fTSl) . the tree- level correction remains quite suppressed with heavy mass 
parameter m| and As will be seen later, however, the one-loop correction AV{H) can 
be relatively large, since it is originated from other sector rather than the MSSM. 

The one-loop correction AV{H) in Eq. fll8l) is just given by Eq. f[T2]) . but the M^v in its 
expression should be replaced by 

Mjj ^ (^uyN^HuHd + h.c.^ = fJ'%- {y^y^^^ ^"^'^ ' ^^^^ 

using Eq. f fT6|) . Here hu^d is the real component of H^^d, Re ff,, w = -^/i^j^rf. Thus, the 
expression of AV{H) here is exactly the same as that of Ref. 12|]. In Ref. 12|, {A^, A^'^} 
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FIG. 1: Some contributions to the one-loop effective potential of S"^. Here we present only the 
diagrams of the fermionic loops. By infinite summation of the amplitudes for all the relevant one- 
loop diagrams, the Coleman- Weinberg's effective potential for can be derived. Below the mass 
scale of 5*^, the low energy effective Higgs potential can be obtained by integrating out S'^, in which 
^^HuHd" is attached to S'^ in this setup. 



are integrated out after {S, S'^}. As pointed out in Ref. 12], however, the result should be 
insensitive to the sequence of the decouplings, since the mass scales of {A^, A^'^} and {S, S'^} 
are not much hierarchical. 

We note that the similarity between the one- loop effective potential of Eg. (1121) with 
Eq. (ITQI) and that of the footnote 1 in Introduction, which is the radiative Higgs potential 
for a simple case of extra vector-like matter. Accordingly, one can expect that the Higgs 
mass is raised in our case in a similar way to the case of extra vector-like matter. The 
most important difference between these two scenarios is that the fields circulating on the 
loops are MSSM singlets in our case, while they are charged fields under the SM in the 
extra vector-like matter case. In our case, lower scale mass parameters can be taken for e.g. 
alleviating the tuning problem, but the LHC constraint on the extra colored particles can 
be avoided unlike the extra vector-like matter case. 

In fact, the Coleman- Weinberg's one-loop effective potential, AV{S'^) of Eq. (fT2l) with 
Eq. ( fT3l) . can be obtained by taking infinite summation of all possible one-loop diagrams, 
in which arbitrary numbers of S"^ are attached on the loop as the external legs 1^. See 
the diagrams of FIG. 1, in which only the diagrams of the fermionic loops are presented. 
In the effective operators valid below the mass scale of 5"^, however, S"^ should appear as 
internal legs. As seen from Eq. ([Hj), 5"^* interacts only with HuHd at tree level, the external 
legs of S"^ in FIG.l can be hidden only with HuHd at one- loop level. See FIG. 2-(b). In 
fact, S^* and S are mixed and S is also coupled to H^Hd via the Bs and Ag terms. Thus, 
S'^ can couple to HuHd through S. However, this possibility is more suppressed due to the 
hierarchical mass relation in Eq. ( ITT]) . 

In this scenario, a non-zero radiative correction to the Higgs mass squared is generated 
by the mass splitting of {A^, A^'^} in the hidden sector. The hidden sector in this model, 
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(a) (b) 

FIG. 2: (a) A contribution to the radiatively induced effective Higgs potential by the top quarks in 
the MSSM. (b) A contribution to the radiatively induced effective Higgs potential by the singlets. 
It is compared with the diagram (a). The basic structures of the loops in (a) and (b) are the same. 
The trilinear scalar coupling in (b) comes from the cross term of \dW/dS\'^ . Radiatively generated 
mass in the {A^, A^'^} sector is transmitted to the Higgs through the mediation by S'^. 



thus, plays the role of a mass generation sector of the Higgs. As seen in FIG. 2-(b), the 
non-zero mass effect is transmitted to the Higgs through the messenger S'^, which is actually 
a mediator of the Higgs mass effect. The mass term generated in this way can be meaningful 
only below the mass scale of S'^ (~ fis), because it can be regarded as a local operator below 
the scale of fis- 

FIG. 2- (a) and (b) show the typical diagrams for the radiatively generated Higgs po- 
tentials by the top quarks in the MSSM and the singlets in our case, respectively. They 
are compared to each other. Actually, FIG. 2-(b) contributes to the renormalization of 
term, while FIG. 2- (a) to the renormalization of the mg. The basic structures of the loops 
in the two diagrams are the same. Roughly, the diagram of FIG. 2-(b) is estimated as 
{HuHd){yHfi'*s)-j]T[n x Loop]/i^, while FIG. 2-(a) as HuUtlS x Loop]y^H*, where the "Loop" 
means the common calculation of the loops in the diagrams. 

The radiative correction AV{H) given with Eqs. (fT2l) and (fTOll expands with the powers 
of hu and hd as follows: 



AV{H) = AV^o,o) + AV^i^i)huhd + —AVi^2,2){Khdf + 



where the coefficients such as AV(o,o) 
and Ay(2,2) [^dl^dlAV{H)\h.=h,=o] 



2!2! 

are estimated as 



(20) 
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Note that the coefficients of hu, hd, h"^, h^, h^, h^hd, and huh?d zeros, and the 

part of "■ ■ ■" are much suppressed with the higher powers of {yHllNh'^ d/ f^sfJ'N)- '^V{o,o) iii 
Eq. fl2U]) or fl^ just adds positive vacuum energy as seen from the first diagram of FIG. 1, 
which is a result of SUSY breaking. 

As the (s-) top quark loops renormalize the soft mass squared of the Higgs, m2 in the 
MSSM, the diagram of FIG. 2-(b) or AV(i^i) term in Eq. (120 p renormalizes the term in 
Eq. (ITH]) {Bfj^n = ml), mKfi) = ml + Ami, where 

Ami - £j (my.^) [(A + rni) {log -1]-,% (log (§) - 1} 

(22) 

Below the mass scale of 5*^^, S'^ as well as {N, N^} is decoupled, and the RG running of ml 
caused by the interactions between the Higgs and the singlets would become frozen. Thus, 
we set A = /i5 at lower energies. 

With the correction Eq. (I22p . one of the tree-level extremum conditions in the Higgs 
potential is modified as^ 

- 2ml = (^1 - ^2) tan2/3 + M| sin2/3 + 2Aml. (23) 

In order to avoid a fine-tuning among the parameters, 2Am| needs to be comparable with 
other terms in Eq. f l23|) . when the parameters are chosen for explaining the Higgs mass 
of 125 GeV. If Ami ^'^'^ large, it should be properly cancelled with other terms, being 
equated with M|sin2/3 in Eq. ( I23l) . Then, the tuning is roughly estimated with the hierarchy, 
M| sin2/3/(2Am^). 

By comparing the quartic term in Eq. (120|) with the scalar potential in the NMSSM, 
V D \'^\HuHd\'^ = ^{huhdY, one can see that AV{2,2) in Eq. (EI]) plays the role of of 
the NMSSM. Since we saw that the Higgs mass correction to the lightest Higgs mass in the 
NMSSM is given by x (f/^sin2/3)2 in Eq. ([7j), we can readily get the radiative correction 
Am\ in our case: 

Ami - ^ (ynyN^) ' (.^sin^2/3) log . (24) 

Note that /is is originated from the propagator of S'^ in the diagram, while hn from the 
mass insertion. Thus, the mass term correction by Am^ can be a local operator below the 
messenger scale /i^. Since the mass squared of S'^ [> (300 GeV)^] is much heavier than the 
Higgs mass squared, Am^ in Eq. indeed can play the role of the Higgs mass correction 



The extremum conditions in the MSSM are + = mgtan/? 2^cos2/3, and m| + \fj,\^ = 7Ti|cot/3 + 

^^cos2/3 at tree level, which can be recast into — 2m§ = {mf — m|)tan2/3 + Mfsin2/3, and = 
(misin^/? - m^cos2^)/(cos2/3) - ^Mf 
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at low energies. By including Eq. (|2 

as 



the CP even lightest Higgs mass squared is modified 



ml ^ 



M|cos^2/3 



\A 



s 



mt 



(25) 



With the hierarchy Eq. f lTTj) . the classical correction (the second term) is suppressed. Since 
it turns out to be much smaller than the radiative correction Am^, we will neglect it. 

As shown in Ref. 12|, the Higgs mass of 125 GeV can be explained with Eqs. (125|) or 
(124|) in the parameter space, 



0.2<yf/<0.7 or 3 < tan/5 < 10, 



(26) 



without considering the mixing effect, if the soft mass of the s-top is around 500 GeV [or 
Am^lMssM ~ (66 GeVf]. Thus, even 0.2 < Vh < 0.5 or 3 < tan/3 < 10, which is the 
excluded region in the NMSSM, can be still consistent with the 125 GeV Higgs mass, when 
the radiative correction of the Higgs mass is supported by the MSSM singlet fields. 

For the typical three classes, jJ'S ^ I^n (Case A), fis ^ fiN ^ f^jy (Case B), and 

f^s ^ f^N ^ l^N (Case C), the radiative corrections in Eqs. (124|) and (122!) are approximated 
as follows: 



Am2 ^ ^ 



Ami ~ ^rriN 



VrVn 



MS 



logf^ 



for < yUTv (Case A), 



(27) 



Ami « ^ (^|sin^2/3) 



ynVN 



MS 



log 



Ami - 



VHVN^ log 



for fiN (Case B), (28) 



Am2 ^ ^ {v%sm'2^) 



Ami ~ 4^"^ 



yuVN 



f£N_ 

MS 



log ( 2^ 



for fiN ^ mN (Case C). (29) 



In order to avoid a serious fine-tuning among soft parameters in Eq. fl23p . Aml/vjj should 
not be too much larger than the unity. From the above equations, roughly it means m^v ^ 
2'itvh ~ 1 TeV. Hence, mN should be quite smaller than 1 TeV. In the next section, we will 
discuss this issue in more detail. 
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IV. 125 GEV HIGGS MASS WITH THE LEAST TUNING 



For simple presentations, we parameterize the radiative corrections in Eqs. flMj) and (|22 
as follows: 



2 (30) 

G ^ ^ = R' [{1 + r') {log(l + r') + logi?^ - l} - {logi?^ - l}] , 

where R, r, p and g are defined as 

R = — , r = , and 

f^S /iTV (31) 

f = ^l/Hl/^sin^2/3 , g = —ynVN- 

For the parameters chosen for the explanation of the Higgs mass around 125 GeV, as 
mentioned above, a smaller Am| is more desirable to avoid a fine-tuning among the param- 
eters in Eq. fl22p . From now on we will explore the conditions under which Ami 
minimized for a given Am^ and other parameters in the model. As seen from Eq. (150]) . R 
and r are related each other for a given F. Accordingly, G depends only on r or i? for a 
fixed F. Let us insert F into G, replacing r by i? and F. For a given set of {Am\, p, g}, 
thus, G is recast to 



G = R-^ 



f + logi?' - 1 j - (logi?' - 1) 



(32) 



Provided that F is fixed, one can show that G is minimized at 



where the small parameter ep is estimated as 

^ l-028logf^ (34) 

8.87 + 4.31 logF2 ^ ' 

le^l is much smaller than the unity in the most parameter range of F: |ei?| is smaller than 
0.3 (0.1) for < |F| < 0.16 or 0.59 < |F| (0 < |F| < 1.9 x 10"^ or 1.08 < |F|). From 
Eq. (!30l) . thus, r and G are determined when G minimized: 

P ^ 1.72 + 5.44eir, 

35) 

G^F^ [(1.72 + 0.28eir) logF^ + (1 - e^.)] . 

For instance, ep ~ 0.05, R ^ 1.75, r ^ 1.35, and G ^ 19.09 for F = 1.84. From Eq. (EH), 
it implies that ^ ^ 1.75, |^ ^ 1.35, and Amj ^ (330 GeV)^ e.g. for \Amh\ = 91 GeV, 
Us = 300 GeV, n = 5, yHllN = 1 and sin2/3 = 0.8. 
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Am ^=(60 GeV)^ //s=300 GeV, (yHyN)=h n=5 



1000 



600 




FIG. 3: Radiative correction |Am3| (= y^B^fi) vs. fhj\[/fij\j- for various values of tan/5. The 
radiative correction to the Higgs mass Am| is set to (60 GeV)^. Thus, | Am/j|MSSM ~ (68, 70, 75, 82) 
GeV for tan/3 = (6, 5, 4, 3) are assumed to be supplemented from the (s-) top's contributions for 
the 125 GeV Higgs mass. They correspond to fht ~ (530, 590, 780, 1300) GeV at two-loop level, 
when turning off the mixing effect of {ti^tR). We fix the other parameters as shown in the figure. 



Note that 0.3 < r < 1.8 for —0.3 < ep < 0.3 in Eq. ( 135|) . We can see that and m]s[ 
need to be comparable to each other in order to minimize Am|. However, Am| is not much 
sensitive to ttin/ fi^ {= only ii friN/ fi^ is larger than the unity, because r logarithmically 
depends on the constraint relation associated with F in Eq. (130|) . 

In Eq. fl35l) . G could be further minimized with a small F. Since Am^ ^ m^ — M|cos^2/3 — 
^'^hlivissM, in Eq. fl30l) is minimized when sin^2/3 = 1 (or tan/3 = 1): 

_ rnl-M^- Am^lMSSM + M| sin^2/3 ^ - Am^|MssM , . 

4f^(y/^y^)^^l. sin22/3 - ^{yHVNyvl ' ^ ^ 

For n = 5, {uhIIn) = 1, and Am^lnssM = (66 GeV)^ [which corresponds to fht ^ 500 
GeV at two-loop level], thus, the minimum of F"^ is (1.71)^, which gives G ~ 14.07 or 
Amg (284 GeV)^. For Am\ with other parameters, see FIG. 3 and 4. 

Let us present the estimations on typical values of Am\ for the three classes defined in 
section III, when Am^ and other parameters given. In Case A, namely, for ffi]^ < ji^, we 
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FIG. 4: Radiative correction |Am3| (= -^/B^) vs. tan/5 for various values of Am^ around the 
least tuning points {mj\i/^j^ w 1.5). |Am/i| = (80,70,60,50,40) GeV for tan/3 = 5 require the 
supplements of |Am/i|MSSM ~ (47,61,70,78,83) GeV, respectively, by the (s-) top's contributions. 
They correspond to fht ~ (230, 390, 590, 940, 1400) GeV at two-loop level, when turning off the 
mixing effect of (tL,tij). The other parameters are fixed as shown in the figure. 



have 



Ami 



\Amh[ 
vh 



9 f \^mh\ 



(592 GeV)^ 



300 GeVJ 



|Amfe| 
90 GeV 



1 3 



1.14 



v^(l///Z/Ar)^sin^2/3 



3 log (o:^) 



(37) 



In Case B, i.e. for ^ "^Af, 



Ami ~ 



\Amh\ 



log 



r\Amh\ 



(499 GeV)^ 



300 GeV 



90 GeV 



1.14 



(logr2)3/2 



log 



(38) 



/ r|A-mfe| 



2 76 lo£ f ) 

Z.m log l,i.48.o.28-174^ 
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In Case C, i.e. for fi^ ^ rriN, 



Ami 



^4 



|Amfe| 



n 3 



(342 GeYf 



300 GeV. 



/3(log2)3/2 



|Amfe| 
90 GeV 



log f 



og2 



1.14 



.A/n(|/H2/Ar)^sin'^2/3 



1 

~ 2 
log 



2 1 Am. J 



0.99 



(39) 



V. THE MODEL 



The effective superpotential Eq. (fTOi) can be reduced e.g. from tlie following UV super- 
potential: 

WvY = yHSH^H, + yNS''NN' 



Mp ^ Mp ^ Mp ^ 



(40) 



5'3 v2v2 



Mp ' Mp ivip 

where yu, yN, fi, and gi {i = 1,2,3) are dimensionless couplings, and Mp denotes the 
reduced Planck mass (= 2.4 x 10^^ GeV). The superpotential Eq. pUj) respects the two 
continuous global symmetries, U(1)r and U(1)pq. The global charges for the superfields in 
the superpotential Eq. fHUl) are displayed in TABLE I. 



Superfields 


Hu 




N 




5 




Si 


S2 


S3 


Si 


S2 


S3 


U(1)r 














2 


2 


1 


I 


-I 


1 


I 


2 


U(1)pq 


1 
4 


1 
4 


1 
2 


1 
2 


1 
2 


-I 


1 
4 


1 
2 


1 
4 


1 

4 


1 

8 


1 
4 



TABLE I: R and Pecci-Quinn charges of the superfields. The MSSM matter superfields carry the 
unit R charges, and also the PQ charges of 1/8. and A^'^ are assumed to be proper n-dimensional 
vector-like representations of a hidden gauge group, under which all the MSSM fields are neutral. 
Ss and Ss carry some Z2 charges. 

The "A-terms" corresponding to the (71,2,3 terms in Eq. f l40l) . the soft mass terms, etc. in 
the scalar potential admit the VEVs of Si, 2,3 and Si, 2,3 of order ^Jr(v^flMp (~ 10^*^ GeV) 
at the minimum 15|. From the /i,2,3 terms in Eq. PUI) . thus, "u" in the MSSM, and also 
/iAT and \is in Eq. (ITU]) are generated, which are of order 7713/2 [l6|. Due to the VEVs of Es 
and Es, the U(1)r and U(1)pq are completely broken at the intermediate scale. 

Es and Es in Eq. (140|) carry some accidental Z2 charges. As a result, the domain wall 
problem would potentially arise. Hence, we assume that such discrete symmetries were 
already broken before or during inflation such that domain walls were diluted away. If the 
reheating temperature is lower than 10^ GeV, the Z2 breaking vacuum still remains as the 
minimum of the potential also after inflation 15 1 . 
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VI. CONCLUSION 



In this paper, we proposed a new type of the singlet extension of the MSSM in order 
to raise the Higgs mass up to 125 GeV with the tuning associated with the hght Higgs 
mass reheved. Apart from the (s-) top quark's contribution, the Higgs mass is radiatively 
generated in a hidden sector because of the mass sphtting of hidden sector fields, and such 
a effect is transmitted to the Higgs sector through the mediation by the messenger field S"^. 
Since the Higgs mass is raised by the superpotential parameters, lifting the Higgs mass is 
quite efficient as in the extra matter scenario. Unlike the extra matter scenario, however, our 
model is free from the constraint on extra colored particles with order one Yukawa couplings 
with the Higgs, which is associated with the production and decay rates of the Higgs at the 
LHC 



As shown in our previous paper 12], the parameter space for 125 GeV Higgs mass can 
be enlarged compared to the original form of the NMSSM, and so even 0.2 ^ Vh ^ 0.5 or 
3 < tan/3 < 10, which is excluded region in the NMSSM, can explain the 125 GeV Higgs 
mass with a relatively light s-top (~ 500 GeV) but without considering the mixing effect. 
In this paper, we also particularly emphasized that the fine-tuning problem associated with 
the light Higgs mass can be remarkably mitigated by taking low enough messenger scale 
(~ 300 GeV) and light enough mass parameters (<^ 1 TeV). We have explored the least 
tuning condition (/ijv ^ m^), under which even the soft parameters lighter than 500 GeV 
can explain the Higgs mass of 125 GeV. 
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